The ability to maintain fovea1 fixation of a target with either a stationary or moving background is often assumed to depend primarily on a difference (in velocity and/or position) between fovea and target. However, when subjects look at a target stabilized at the fovea presented against sinusoidal motion of an optokinetic stimulus field, optokinetic nystagmus (OKN) is suppressed. This suppression is not simply the absence of movement but instead most subjects show some amount of residual slow eye movements roughly counterphase to the field motion. We have varied the visual feedback of the target from 0 (stabilized) to -1 (stationary in space); as feedback increased, amplitude and phase lag of residual eye movements decreased systematically. The mechanism responsible for residual movements appears to operate for all feedback values (including the "real world" value of -l), which suggests a new view of the role played by retinal slip during fixation of a target and suppression of OKN.
INTRODUCTION
A traditional explanation of how we foveally view a stationary target (fixate a target) might be called "retinal error theory" (Cornsweet, 1956; Steinman, Cunitz, Timberlake & Herman, 1967; de Bie & van den Brink, 1986) . Roughly speaking, this explanation says that the primary stimulus for maintaining fixation is some sort of difference (error) between target and retina: target velocity relative to the retina and/or target offset from the fovea. (For example, during fixation, drift of the eye away from the location of the target would be minimized and corrected by target retinal velocity and/or target offset from the fovea.) Although this viewpoint would appear to account for fixation of a small target in the presence of a homogeneous background (such as in the dark or with a Ganzfeld) and perhaps a textured stationary background, it may not be sufficient to account for our ability to fixate a target in more complex stimulus situations. This is suggested by recent experiments in which subjects looked at a small target stabilized at the fovea in the presence of horizontal sinusoidal motion of an optokinetic field (Wyatt & Pola, 1984; Pola, Wyatt & Lustgarten, 1992) . A primary result of these studies was that the eyes were not dragged along in the direction of motion of the optokinetic stimulus, i.e. optokinesis was substantially suppressed without "retinal-slip" of the target relative to fovea. This raised the possibility that, in general, the ability to fixate a target against the influence of a moving background may not be wholly dependent on opposing signals from the fovea1 target. Instead, we suggested that, to a substantial extent, it might involve mechanisms responding to relative target-field motion and the mode of attending to the target (such as looking at the target). An important result of these experiments was that eye movements were not completely absent: subjects typically made residual smooth eye movements that were roughly counterphase to the field motion (Wyatt & Pola, 1984; Pola et al., 1992) . We wanted to explore the relationship between these results and fixation of a target in the real world, where targets of regard are not stabilized. In the present work, we varied the amount of negative feedback of a fixation target which was presented along with an optokinetic field. Residual eye movements decreased as negative feedback increased, but they occurred even for the maximum feedback value of -1. From these findings we suggest that in fixating a stationary target against a moving background, mechanisms involving relative target-field motion and attention are primary in suppressing optokinesis, and that retinal slip plays a secondary role of minimizing residual eye movements, thus "fine tuning" suppression.
JORDAN
I 'OLA et al.
METHODS
Many of the methods have been described previously (e.g. Wyatt & Pola, 1984; Wyatt, Pola & Lustgarten, 1988; Pola et al., 1992) . We will briefly recapitulate and emphasize the special conditions used here.
Subjects sat in a dark room and viewed monocularly with the left eye while head stability was achieved with a bite bar. Eye position was measured with a scleral infrared technique (Eye Trac model 200, Narco Bio-Systems) and recorded on a stripchart (Grass Instruments) and on disk at 100 samples/set (see Pola et al., 1992) . Stimuli consisted of a 1.5 deg dia target and an optokinetic field completely surrounding the subject. The target was rear-projected on a screen via a servomotor-controlled mirror system (General Scanning). A signal of the subject's eye position was fed to the target in order to vary the feedback of target relative to eye position. The optokinetic field was created with a planetarium projector-a drum with small holes drilled in it and a compact-filament source at the center. Images of the filament (approx. 2 deg dia) were formed on the walls, ceiling and floor. A servomotor (Electrocraft) rotated the drum, producing horizontal sinusoidal field motion (0.25 Hz, 20 deg pk-pk; peak velocity = 15.7 deg/ set; closed-loop). For additional details see Wyatt et al. (1988) .
Prior to each trial, system calibration and target feedback were checked. Subjects looked at three small fixation lights (straight ahead and 15 deg left and right); while fixating the central light, the target was adjusted to be superimposed on the fixation light. During fixation of the left and right fixation lights, the feedback of the target was adjusted by varying the gain of the eye position signal used to control target position. For example, for feedback = -4, the target was adjusted to move 66% of the distance from the central light to the eccentric fixation light. The values of feedback used were 0 (open loop; stabilized), -A, -a, -f, -4, and -1 (closed loop; a stationary target). The value for each trial was selected on a quasi-random basis. For trials with very small or zero feedback, small constant offsets sometimes had to be introduced to balance the tendency for an individual subject's average eye position to drift to one side (Wyatt & Pola, 1984; . On all trials with a target present, regardless of visual feedback, the task of the subject was to "look at" and attend to the target. This mode of regarding the target is the same as that used in some of our previous studies (Wyatt & Pola, 1984; Pola et al., 1992) and was referred to as the "look condition" (Pola et al., 1992) . In addition to trials with the target presented together with the field, subjects' optokinetic responses were also tested: the field was presented by itself, and subjects were instructed *Some subjects' eyes drift slowly in a particular direction when a target is stabilized at the fovea. The reason for this is not clear, although one subject whose eyes drift to the left with a foveally stabilized target has reported that he sees the target to be offset slightly to the left. In order to use such subjects in an experiment it is necessary to offset the stabilized target from the fovea by a small amount, opposite to the direction of drift (see Methods).
to respond "passively", i.e. to avoid looking at or tracking any contour motion, but not to resist whatever eye movements might occur (Wyatt & Pola, 1984; Pola et al., 1992) . Eye velocity data were filtered, saccades removed with an interactive program, and representative segments of the data were selected for analysis if calibration before and after each trial were comparable. The Fourier fundamental of the segment was calculated, and its gain and phase lag, relative to field velocity, were taken as the measures of the response. For further details, see Pola et al. (1992) .
Four subjects participated in this experiment, emmetropic to 6 D myopic (uncorrected). Three subjects were experienced and one was naive.
RESULTS
Figure 1 presents sample raw data for one subject (S4). The bottom trace shows the subject's optokinetic response to the sinusoidal field motion alone (field motion shown by the second trace). Slow phases of optokinesis were substantial and approximately in phase with field motion. The upper six traces show the subject's responses when the target was presented against the field motion and the subject's task was to "look at" the target. With the target stabilized on the retina (feedback = 0), there was suppression of optokinesis, as reported in previous studies (Wyatt & Pola, 1984; Pola et al., 1992) . The subject showed oscillatory residual eye movements which were approximately counterphase to the field motion, similar to those described earlier (Wyatt & Pola, 1984; Pola et al., 1992) . It should be noted that this subject had relatively large amplitude residual movements in the stabilized condition. Other subjects (see below) often had moderate to small amplitude movements. As the negative feedback increased from zero, the amplitude of the residual eye movements dropped sharply and the phase lag also decreased. Nevertheless, for the case of the target stationary in space (feedback= -I), small residual eye movements still remained with a substantial amount of phase lag.
The occurrence of oscillatory residual eye movements (feedback=O) was uniquely related to observing the target in the presence of the sinusoidal field motion. When subjects observed the target stabilized at the fovea but without the field, eye position was relatively stable.* With the target foveally stabilized in the presence of the field motion, oscillation of the eye was roughly symmetric (Fig. 1) . If the stabilized target was slightly offset to the right of the fovea, without the field present, the eye tended to drift smoothly to the right. (Presumably the drift was the result of subjects visually attending to the offset target.) With the same offset in the presence of the field motion, the eye drifted to the right but with oscillation superimposed on the drift. An interesting feature of this oscillation is that its mean amplitude and phase lag were essentially the same as those when the oscillation was symmetric. This observation is in line with the idea that oscillatory residual movements in these experiments were not simply the result of directed visual attention (see Discussion). If they were, they would not be expected to occur when a subject's attention was biased toward a target offset from the fovea. Figure 1 shows quick phases opposite to the slow movement, typically when the slow movement was rightward (upward in the trace). It seems unlikely that these quick phases were a result of the stabilized target being slightly offset to the left of the subject's fovea since they occurred for all feedback values including when the target was stationary in space. One possibility is that the quick phases were some form of remnant optokinetic response. It should be noted that most subjects only rarely showed quick phases of this sort either when the target was stabilized or with any of the feedback values.
In Figure 2 , we plot gain and phase lag of the residual eye movements (i.e. eye velocity, quick phases removedsee Methods) as a function of feedback, for the four subjects. The dashed lines represent theoretical functions to be discussed below. In general, when the target was simply stabilized at the retina (feedback = 0), the gain of residual movement was considerably less than the gain of optokinesis, and the phase lag was much larger. An exception to this is Sl who showed little optokinetic response at 0.25 Hz (see figure legend for gain and phase of optokinesis). Thus, the stabilized target by itself was quite effective in suppressing optokinesis, in line with previous findings (Wyatt & Pola, 1984; Pola et al., 1992) . Although there was variation in the values of gain and phase of the residual eye movements from one subject to another, the overall nature of the variation with feedback was quite similar for all of the subjects: as feedback increased, gain fell and phase lag decreased. Moreover, the typical pattern was rapid change at small values of feedback, much slower change at intermediate values of feedback, and little or no change as feedback approached the case of a stationary target. For each of the four subjects, with the stationary target (feedback= -1) there remained small residual eye movements, with phase lag smaller than with the stabilized target, but still relatively large. In short, when subjects looked at a foveally stabilized target, optokinesis was suppressed, leaving residual eye movements; the addition of negative feedback served to minimize the residual movements. For all subjects, gain and phase lag was largest in the stabilized condition and systematically decreased with increasing negative feedback. Qualitative features of the decrease were the same for all subjects. The dashed lines are functions determined with a theoretical model (see Discussion). Note that the gain of residual movements were relatively large for some subjects (S2 and S4) and smaller for others (Sl and S3). Even though phase lag decreased with increasing feedback, it remained large even with feedback= -1. As a baseline for evaluating the residual movements, gain and phase-lag of optokinetic slow movements for each subject were: Sl, not measurable; S2, 0.60, 5.2 deg; S3, 0.70, 7.4 deg; S4, 0.72, 9.8 deg.
DISCUSSION
companied by residual eye movements for all feedback The basic findings of this study are that when a subject conditions; as the amount of negative feedback increased, "looked at" a small target in the presence of sinusoidal gain and phase lag of the residual movements motion of a background field, optokinetic nystagmus systematically decreased. Thus, fixation of a target under (OKN) was suppressed whether there was zero or normal feedback conditions (-1) appears to be one end negative target feedback. This suppression was ac-of a continuum involving a mechanism for suppression of optokinesis-a mechanism which operates even when there is no feedback (i.e. no retinal-slip of the target).
It has been known for some time that subjects, viewing a stabilized target or afterimage, can deliberately generate or modify smooth eye movements (Heywood, 1972; Heywood & Churcher, 1971; Mack & Bechant, 1969; Steinbach & Pearce, 1972) . Recently, van den Berg and Collewijn (1987) have shown that under the conditions of the present experiment with a foveally stabilized target, subjects can voluntarily move their eyes either with or opposite to the field. This raises questions about whether residual eye movements in the present and previous experiments (Wyatt & Pola, 1984; Pola et al., 1992) may be largely a function of subjects' voluntary effort. In exploring this issue, we have asked numerous subjects to attempt to produce motion of a foveally located afterimage (several degrees in diameter) by attending to eccentric portions of the afterimage: smooth eye movements occur approximately in the direction from the fovea to the locus of attention (see also Kommerell & Taumer, 1972) . All of these subjects reported that a clear and deliberate effort was needed to move the afterimage. In the present experiments, subjects were specifically instructed to attempt to do nothing other than to look at the target, and not to fight any eye movements that might occur. The subjects were told to maintain a constant level of effort in looking at the target and to attend to a constant portion of it. All of the subjects reported that they were easily able to carry out the instructions and that they had no sense of manipulating the target, in contrast to the above. In this and earlier work (Wyatt & Pola, 1984; Pola et al., 1992) , we have found that with such instructions, subjects tend to make approximately counterphase smooth eye movements. Of course, eye movements with stabilized stimuli are more variable than with closed-loop stimuli. This may reflect the absence of retinal error signals so that variations in the "command signals" can be manifested more easily. However, the reports of the subjects in this and our earlier studies strongly suggest that there is a notable difference between what the subjects were doing in the experiments by van den Berg and Collewijn and what subjects were doing in the present experiments. It should be noted that, with respect to the importance of instructions, these studies are similar to studies of the vestibuloocular reflex (Barr, Schultheis & Robinson, 1976) : in both types of studies, subjects must adopt a constant attentional state and not attempt to intervene in the experiment; otherwise, they may significantly modify the results.
Perhaps the most important result of the present study is that, besides the stabilized target condition, residual movements were found in all feedback conditions including the normal closed-loop condition. A number of previous studies have also found such movements using a stationary target and oscillatory field motion. Tamminga and Collewijn (1981) found small amplitude residual movements when subjects looked at a stationary target presented against pseudo-random (sum-of-sines) motion of a background field. The phase lag of these movements "R 35,8--D was apparently between 0 and 180 deg, although no analysis of phase was presented. In a later study with pseudo-random field motion, Collewijn and Tamminga (1986) determined that residual movements had gains of 0.02-0.08 and phase lags of 30-100 deg. The gains were similar to the closed-loop gains found in the present study but the phase lags were smaller. However, this difference may result from non-predictable field motion used by Collewijn and Tamminga, which produces notably smaller phase lags than sinusoidal stimuli (Aksionoff, Wyatt, Pola & Lustgarten, 1989) . The amplitude of their background field motion was also very small (l-4 deg) compared to ours. In experiments with sinusoidal field motion, Collewijn, Conjin, Martins and Tamminga (1982) found residual eye movement with an average gain of 0.2 and an average phase lag of 90 deg. The gain is somewhat higher than those found in the present experiment although the phase lag is similar to Sl's. They also presented a record of one subject's residual movements with a phase lag apparently close to 180 deg.
Compared with oscillatory field motion, there is not much evidence of residual eye movements when subjects look at a stationary target in the presence of unidirectional field motion, One reason may be that few researchers have looked for such movements. Another may have to do with the small amplitude of residual movements. In the present experiment the amplitude of the residual movements in the closed-loop condition was generally in a range from 0.1 to 0.3 deg. Except for S4, the only way in which we were able to reliably discern such small movements was by averaging over multiple cycles of eye movement within a trial. However, with unidirectional field motion, residual movements may not necessarily occur in a cyclic manner and in some cases might be no more than an offset in eye position opposite to the field motion. Such residual movements would be especially difficult to detect.
Previous studies with a stationary fixation target and unidirectional field motion show varying amounts of reduction of OKN. The reduction seems to be related to the features of the stationary contours of the fixation stimulus and instructions to the subject (Dichgans & Jung, 1969; Murphy, Kowler & Steinman, 1975; Barnes & Crombie, 1985; Murasugi, Howard & Ohmi, 1986; Pola & Wyatt, 1993) . Recent work by Fletcher, Hain and Zee (1990) included records of eye movement which show apparent stable fixation when subjects looked at a small target presented with unidirectional field motion. Unfortunately, the resolution of the records is not sufficient to reveal whether residual movements may have occurred. In a study using monkeys, Waespe and Schwarz (1986) presented a record which shows what seem to be small eye movements during fixation of a target with unidirectional field motion [their Fig. 8(B) ]. Close examination of the eye position and velocity traces suggests not only suppression of OKN, but small amplitude nystagmus with slow phases opposite to the direction of the field motion. In a subsequent study Waespe and Schwarz (1987) made small amplitude smooth eye movements opposite to unidirectional field motion. The finding in the present experiment that closed-loop residual movements are systematically related to open-loop movements suggests that the same mechanism is responsible for residual movements in both cases. This also provides support for the idea that this mechanism is activated in a reflex-like manner as a consequence of simply looking at a target against a moving background. The underlying nature of this mechanism remains unclear. When we first observed roughly counterphase residual eye movements with a stabilized target, we suggested that they were related to apparent or induced motion of the target, a strong perceptual phenomenon under the conditions of these experiments (Wyatt & Pola, *Previous studies of optokinetic eye movements (Hood, 1967; Hood & Leach, 1974) have shown that during "active " OKN the eyes are deviated in the direction of the slow phases of the nystagmus while during "passive" OKN the eyes are deviated in the direction of the quick phases of the nystagmus. Such offset in eye position might appear to bear a family resemblance to the large phase lag of residual movements. However, in the previous studies the OKN slow phases were in the direction of the field motion, regardless of the position of the eyes, whereas in the present work the direction of slow residual eye movements were opposite to the field motion.
1979; Pola & Wyatt, 1980) . While this may be the case, percept and response may not be so strictly or causally linked. Other work indicates that the suppression depends in part on target-field relative motion (Wyatt et al., 1988) , and examination of the dependence of residual movements on stimulus frequency and attentional state suggests an intimate relationship to optokinetic mechanisms (Pola et al., 1992) .* Furthermore, the residual movements depend on predictability of the field motion (Aksionoff et al., 1989) . Underscoring the complex nature of the relationship between OKN and residual movements, one subject with very weak OKN (as noted above) showed moderate residual movements; another subject with strong OKN (S4) had residual movements proportional to OKN amplitude, for varying field amplitude (unpublished results).
Modeling the variable feedback results
We wanted to see if the systematic relationship between residual eye movements and target feedback could be described by a simple model. Figure 3(A) shows a schematic of a linear version of the model; a negative feedback system responsive to target velocity. The forward path of the system consists of a unity-gain element (dummy element g to be used below), differentiator, high-gain element, first-order dynamics and an integrator. [A time delay was not included in the model since in the actual experiment the delay was probably negligible, given the low frequency of the sinusoidal field motion (0.25 Hz) and the fact that the residual movements involved a predictive response to the field motion (Aksionoff et al., 1989 ).] The system input is target position T and the output is eye position E. In order to generate residual eye movements in the open-loop condition and the various negative feedback conditions, a signal p was injected at a summing point just before the integrator. For a given subject, signal p was simply the velocity of the subject's actual open-loop residual movement. The location of the summing point was chosen in order to best approximate the experimental response with feedback present.
The model does not include mechanisms for the generation of the open-loop residual eye movement signal p and does not address the issue of how this mechanism might be related to OKN. The model simply assumes that with appropriate stimuli (relative target-field motion and subject attention) the mechanism for ~1 and the system forward path dynamics are enabled.* An important feature of the model is that both signal p and system dynamics do not change as feedback varies, and that changes in the eye movements are caused by negative feedback becoming available to the system.
As the lightly-dashed and dotted lines of Fig. 3(B) show, the linear model can predict residual eye movements with gain and phase somewhat like those actually found for S2; however, the shape of the curves does not fit the data well, since the model curves do not show a plateau as negative feedback increases from zero. One way to improve the fit is to incorporate a non-linearity in gain element g: gain is assumed to fall off with target eccentricity from the fovea. The expression for the nonlinearity used was:
where 1 (in the numerator) is the value of g at the central fovea, gl, is the value to which g falls asymptotically with increasing x, x is the retinal target eccentricity (absolute value), and xh is the eccentricity at which gain falls halfway from 1 to gl,. The exponent n controls the steepness of the falloff. The form of the non-linearity used for S2 is shown in Fig. 3(C) . The effect of including this non-linearity is that the system response to target velocity is dependent on retinal location of the target: the velocity response decreases rapidly with increasing distance from the fovea. The heavy-dashed curve in Fig. 3(B) shows that the non-linearity allows very good fitting of the data.
The actual output of the model with the non-linearity is presented for Sl and S4 in Fig. 4 . With the target stabilized at the retina (feedback=O) the output was sinusoidal (which results from the fact that sinusoidal *The variability across subjects in the amplitude of the residual movements, although striking, is no greater than the variability in OKN, where some subjects show little or no nystagmus while others show moderate to very large amplitude nystagmus. Table 1 ). Sl's movements are much smaller than S4's and appear to be less affected by the presence of the non-linearity.
signal p was injected at the summing point near the system output). With the introduction of negative feedback, ~1 passes through the non-linearity at the input end of the system. The primary affect of the non-linearity is a "bumpiness" in the periodic response, which is most visible in the simulation for S4. While the eye movement traces in Fig. 1 might be construed to show such bumps, the resolution of the averaged eye movement records did not permit analysis of non-linear characteristics, especially the low amplitude movements that occurred with higher feedback values.
In Fig. 2 , we have included responses of the model which gave reasonably good fits to each subject's data (broken lines). The parameters used for each subject are listed in Table 1 . The value of & (the eccentricity at which g drops halfway from 1 to g,,) was strikingly small (0.05-O. 12 deg; ave = 0.09 deg x 5.4 min arc), and the asymptotic low value of the gain (glO) was l&49% (ave = 32%) of the fovea1 value. The value of the forward path gain G was found to vary from relatively low to quite high (4-75; ave=34). The time constants (7) were 0.30.98 set (ave = 0.56 set). The very small values of xh that gave the best fits suggest a mechanism with an operational domain concentrated very near the fovea. Such a domain would seem appropriate for a fixation mechanism responsive to target velocity. The values of G, although variable from small to large, seem to be correlated with the amplitudes of the open-loop residual eye movement, i.e. G increased as amplitude of open-loop movement increased. This suggests that for each subject the value of G was necessary to minimize the subject's residual movements and thus to obtain relatively stable fixation in the closed-loop condition.
The relation of the model to the variety of current models of smooth eye movement (Robinson, Gordon & Gordon, 1986; Wyatt & Pola, 1987; Lisberger, Morris & Tychsen, 1987) and gaze stabilization systems (Raphan, Matsuo & Cohen, 1979; Robinson, 1981) is unclear. This is due in part to the unresolved issue of the relation of visual fixation to smooth pursuit, and also to our incomplete understanding of the complexities of the different systems. Generally speaking, the model could reflect an aspect of a fovea1 tracking (smooth pursuit) mechanism or a sub-process of a fixation mechanism which, in either case, comes into play when attempting to look at a target against relative background motion. Perhaps the only work on the internal mechanism of fixation is that of de Bie and van den Brink (1986) . They examined eye movement responses to very small target steps, and modeled their results using parallel velocity and position channels. The (forward branch) gains were on the order of unity (0.35-0.5 for velocity; 0.8-1.0 set' for position) and the model employed pure delays (0.140.18 set for velocity; 0.330.4 set for position) instead of dynamics. At 0.25 Hz, a 0.14-o. 18 set delay is equivalent to about 30 deg of phase lag in the forward branch; in the present model with r of 0.30.98, the lag in the forward branch is about 25-55 deg. Thus, the temporal factors may not differ much between these models for the purposes of the present application. (We have also tried modeling our results with parallel velocity and position channels, but this gave phase lags that were much too large.) A point of particular interest is that the responses in de Bie and van den Brink's results saturated for step sizes of a few min arc. While the experimental conditions were clearly quite different from the present work, and the models differ greatly in gain, both models are suggestive of a retinal mechanism operating to stabilize gaze over a very small range of target eccentricities.
The role of retinal-slip velocity in suppression of optokinesis
This study together with previous studies (Wyatt & Pola, 1984; Howard, Giaschi & Murasugi, 1989; Pola et al., 1992) shows that it is possible to suppress optokinesis with a foveally-stabilized target (i.e. without retinal slip of the target). This suppression occurs over a wide range of frequencies (Pola et al., 1992) including unidirectional field motion (Howard et al., 1989) , and can be substantially modulated by the manner of attending to the target (van den Berg & Collewijn, 1987; Wyatt et al., 1988; Pola et al., 1992) . Most important in the present study is the fact that the same form of suppression appears to function for all negative feedback values, including the normal closed-loop condition with feedback of -1. Our subjects were instructed to "look at" and attend to the target, which we have elsewhere called the "look condition" (Pola et al., 1992) , and it seems likely that the mode of viewing a target under many everyday circumstances is similar to this condition. What role, then, does feedback play under normal circumstances in allowing the subject to look at a target and suppress the influence of optokinesis? Since suppression without feedback may often be associated with residual eye movements [at least when field motion is predictable (Aksionoff et al., 1989) ], and, according to our model, feedback simply reduces residual movements, the function of target retinal slip may be to minimize whatever residual movements might occur. In this view, fixating a target and suppressing optokinesis depends to a large extent on mechanisms independent of retinal-slip (the mechanisms responsible for signal p), with the slip serving a secondary function of "fine tuning" the suppression.
